The Xingzi Group, exposed in Lushan, southeast China, is the oldest basement in the Late Proterozoic Jiangnan orogen and composed mainly of metamorphosed psammites and pelitic schists with the grade of amphibolite facies. Eight quartz and felsic veins from two locations in this group have been chosen to investigate trace element behaviour during metamorphic dehydration. One location is at Xixiansi, where the wallrocks are completely metamorphosed psammites, and the other at Huangyansi, where the wallrocks are mainly pelitic schists.
INTRODUCTION
Various veins, such as feldspar-bearing veins (Yardley, 1975) , distinctive metamorphic mineralbearing veins (Yardley, 1986; Bebout and Barton, 1989; Cesare, 1994; Putlitz et al., 2002; Becker et al., 1999) and carbonate veins (Cartwritght et al., 1994) , occur in metamorphic terrains worldwide. Among these, quartz veins are most abundant (Yardley and Bottrell, 1992; Ague, 1994;  genesis (van Haren et al., 1996) . Two contrasting transport mechanisms, local diffusion and regionally channelized flow, have been suggested for vein-forming metamorphic fluids.
Fluid is a potentially important agent of mass transfer in metamorphism. The mass transfer is indicated by the mobility and migration of some elements, including those soluble in a fluid phase, such as K, Na, Ba, Rb (Ferry, 1983; Bebout and Barton, 1989) , and even some less soluble elements, such as Si and Al (Anderson and Burnham, 1983; Ague, 1991) . The extent of the mobility of the rare earth elements (REE) during metamorphism has been a controversial issue for several decades, because of their rather low solubility in the fluid phase (Grauch, 1989 ; and references therein). Although experimental and theoretical studies on the stability of inorganic complex species of the REE (see review of Wood, 1990; Haas et al., 1995) provide a basis for understanding whether REEs are mobile or immobile, more geological examples are needed to examine the mechanism(s) of the mobility or reason(s) for the immobility. Trace elements probably fractionate during metamorphic dehydration due to varying degrees of removal by fluids (Bebout et al., 1999; Becker et al., 1999) . However, previous studies mainly pertain to subduction metamorphism of basalts, and few especially deal with REEs.
In this paper we investigate the trace element and oxygen isotopic compositions of synmetamorphic veins and their wallrocks in the Xingzi Group metasedimentary rocks of Lushan, southeast China in order to provide data that increases our understanding of trace element (especially REE) behaviour during metamorphic dehydration.
Fig. 1. Geological sketch map of the Lushan area showing the distribution of the Xingzi Group and sample locations.

GEOLOGICAL SETTING
The Xingzi Group crops out within the central part of the Late Proterozoic orogen along southeastern margin of Yangtze Block and is exposed as a NE trending belt in the Xixiansi-Guizongsi area, Xingzi County (Fig. 1) . Its protolith is Paleoproterozoic, indicated by a single-zircon UPb age of 1869 ± 40 Ma . Middle Proterozoic metapelites of the Shuangqiaoshan Group (Peng et al., 1995) unconformably overlie the Xingzi Group (Xie, 1997) . The Late Proterozoic volcanic-sedimentary rocks include basalts (Shaojiwa Formation), rhyolites (Hanyangfeng Formation) and sandstones, which also uncomformably overlie the Xingzi group. The unconformity has been obscured as a result of later tectonic superimposition and is replaced by fault contact (Fig. 1) . Field investigations indicate that the Late Proterozoic gneissic granites (Li et al., 1998) and Mesozoic granites intruded the Xingzi Group.
The Xingzi Group primarily consists of metamorphosed psammites and pelites intercalated with minor metamorphosed basalts. All these rocks have amphibolite-facies metamorphic grade. Wang et al. (1992) estimated ranges of 420~580°C and 5.3~5.7 kbar for the peak temperatures and pressures, respectively. Based on our new electron microprobe data (unpublished), a similar estimation of the P-T conditions (ca. 5 to 7 kbar, 550~680°C) can be made. There has been no report on the age of metamorphism, but it most likely corresponds to the age of the Late Proterozoic orogeny in this area (Chen et al., 1991) . Within the Xingzi Group metasedimentary rocks, many veins occur parallel to the regional schistosity. These veins are generally 10-100 cm wide and extend as much as several tens of meters. According to their modal mineral assemblage, the veins can be divided into two types, quartz and felsic ( : Qtz, quartz; Pl, plagioclase; Bt, biotite; Mus, muscovite; Grt, garnet. small amount of garnet (≤5 wt%) in some veins. These veins primarily occur within pelitic schists. Several lines of evidence show that the veins were formed contemporaneously with the metamorphism: (1) the veins are parallel to the regional schistosity, in contrast with those of post-tectonic/ metamorphic origin, which cut the schistosity; (2) there is a close relationship in mineralogy between the veins and their wallrocks, suggesting that the vein compositions are directly buffered by their wallrocks; (3) no selvage (zones of wallrock alteration, termed after Ague, 1994) in the immediate wallrocks of the veins are observed in the field, and in detailed studies of polished samples. This last observation combined with the fact that some sheets of muscovite occur both in the veins and their immediate wallrocks, indicates that the veins are mineralogically equilibrated with the wallrocks, and hence the vein-forming materials are locally derived from the wallrocks. These field and petrographic features provide strong evidence that the veins formed during metamorphism, and hence can be regarded as synmetamorphic (Cesare, 1994; Henry et al., 1996) . This conclusion is further confirmed by geochemical data presented in this paper.
SAMPLES AND ANALYTICAL METHODS
Twenty samples of the synmetamorphic veins and their wallrocks were collected from the Xingzi Group of Lushan at two locations, Xixiansi and Huangyanshi. The wallrocks at Xixianshi are metamorphosed psammites and Huangyansi mainly consist of pelitic schists (Fig. 1, Table 1 ). Petrographic thin sections (several for some rock samples) were made for all the wallrock and vein samples and carefully examined by optical microscopy and/or JCXA-733 electron microprobe. No REE-or other trace element-rich phases were found in any of the vein samples.
About 200 to 500 g samples were crushed, and then manually ground in an agate mortar. Mineral separates were prepared using the procedure of panning, magnetic and heavy liquid separation, and finally handpicking under a binocular microscope. For the garnet (especially those from the wallrocks) with quartz inclusions, several sieve fractions were made in order to get high purity. After the separation, the mineral separates were washed first with dilute HCl and then deionized water in an ultrasonic cleaner to eliminate any contaminant on the mineral surfaces.
Major elements were analyzed by standard wet chemical methods. SiO 2 was determined using gravimetry after ~0.5 g rock powders were dissolved in concentrated NaOH. For other major elements, the rock powders (~0.1 g) were dissolved using concentrated HF-HNO 3 mixture, HF and HClO 4 orderly. After conversion to the chloride form with a little concentrated HCl, three different methods were employed depending on their contents in the rocks, volumetric method for Al, colorimetry for Ti and P, and atomic absorption spectrometry (AAS) for K, Na, Ca, Mg, Mn and Fe. Trace elements were determined on a Finnigan MAT ELEMENT high resolution ICP-MS in the Institute of Geochemistry, Chinese Academy of Sciences. The analytical methods have been described by and and only a brief description is presented here. About 50 mg of sample powders (250 mg for the quartz veins due to their quite low trace element abundances) were dissolved using a HF-HNO 3 mixture into closed Teflon bombs at 190°C for 12 hours. The solution containing rhodium element (1 µg/ml) was added as an internal standard. The residue after drying was re-dissolved by adding 40% HNO 3 and heating again. The final solution was made up to 50 ml (25 ml for the quartz veins) by the addition of distilled deionized water. For quality control, blanks and standards were run every five samples. The precision of the repeat analysis of the standard was always within 10%, and the accuracy was generally better than ±5% for the LREEs (light rare earth elements) and ±10% for other trace elements. Oxygen isotope compositions of mineral separates were analyzed in the Isotope Laboratory, Institute of Mineral Ore Deposit Geology, Geological Academy of China. Oxygen was extracted using the conventional BrF 5 method (Clayton and Mayeda, 1963) and quanti-tatively converter to CO 2 . Isotope ratios were measured on a MAT-251 mass spectrometer. All values of δ 18 O are reported as per mil (‰) relative to SMOW and are accurate to ±0.2‰.
RESULTS
The major element compositions of the metamorphic wallrocks and felsic veins are listed in Table 2 . The most notable characteristic of the wallrocks is that the metamorphosed psammites have high abundances of SiO 2 (generally >65 wt%) and low abundances of Al 2 O 3 (<18 wt%), whereas the pelitic schists have low SiO 2 (56-63 wt%) and high Al 2 O 3 (18-21 wt%). The major element compositions of the felsic veins are predominantly SiO 2 , Al 2 O 3 , and Na 2 O, and a small amount of K 2 O, consisted with quartz and feldspar as the major constituent minerals. The feldspar in these veins is albite.
Trace element data for the veins and their wallrocks are given in Table 3 . The wallrocks at both locations have high LREE abundances ( (Fig. 2a ) are parallel to those of their immediate wallrocks, but at much lower absolute abundances. In contrast, the REE patterns of all veins at Huangyansi (both quartz and felsic) are quite different from those of their immediate wallrocks (Fig. 2b) . They show HREE (heavy rare earth element) enrichments relative to the LREE (La N /Yb N = 0.69-2.87). It is also worth noting that the felsic veins have more pronounced negative Eu anomalies (Eu/Eu* = 0.2-0.4) than those of their wallrocks, and that their REE patterns are irregular, with the characteristics of the REE tetrad effect (discussed in the following section).
All the wallrocks have quite uniform N-MORB normalized patterns for incompatible elements, characterized by remarkably high abundances of large ion lithophile elements (LILEs), strong negative anomalies of Nb, Sr and Eu, and strong positive anomaly of Pb, except for the samples 34-5 and 34-8, which have much higher Rb abundances than other samples (Table 3 , Fig. 3a) . It is worth noting that the wallrocks have generally similar patterns to the continental crust estimated by Rudnick (1995) , however, the pronounced Sr and Eu troughs seen in the patterns of the wallrocks suggest that the crustal materials in southeast China were most likely formed through strong fractionation of plagioclase. In general, The quartz veins at Xixiansi have similar trace element patterns as their wallrocks, but tend to have much lower abundances and notably variant U, Nb, Ta, Zr, and Hf (Fig. 3b) . The felsic veins at Huangyansi also have high abundances of most LILEs. However, the marked troughs at Ba, LaPr, and Eu and peaks at U and Ta in the patterns (Fig. 3c ) make them much different from their wallrocks. Compared to other veins, the quartz vein at Huangyansi (sample 34-3) also has a notable U enrichment (Fig. 3c) but there is no negative Sr anomaly or Nb-Ta trough as seen in the quartz veins at Xixiansi.
The oxygen isotopic compositions of the mineral separates including quartz, garnet, and plagioclase from both the veins and their wallrocks are presented in Table 4 . The quartz separates from both the veins and their wallrocks have similar δ 18 O ranges. The ranges are from 11.0 to 13.5‰ for the veins and from 11.0 to 12.9‰ for their wallrocks. The garnet in sample 34-4 (a felsic vein) has δ 18 O value of 8.3‰; this value is nearly identical to that of the garnet from its immediate wallrock (sample 35). The plagioclases from three felsic veins have rather uniform δ 18 O values (10.2 to 10.3‰). The order of 18 O enrichment in the felsic veins is quartz > plagioclase > garnet, in agreement with that in common rock-forming minerals (Garlick and Epstein, 1967) . 
DISCUSSION
Origin of vein-forming fluids
A number of studies have shown that quartz veins in metamorphic terrains must be precipitated from silica-rich fluids produced by dehydration during metamorphism (e.g., Yardley, 1983; Yardley and Bottrell, 1992; Ague, 1991; Henry et al., 1996; Wilkinson et al., 1996) . In addition, some feldspar-bearing veins (Vidale, 1974) , quartz-Al 2 SiO 5 veins (Putlitz et al., 2002) , and high-pressure veins (Becker et al., 1999) in metamorphic rocks also been formed from fluids with the same origin as that of quartz veins. Like the discussion made by Becker et al. (1999) , it might be argued that the felsic veins at Huangyansi are frozen partial melts of the pelites, because large amounts of feldspar occur in the veins and the temperatures at which the rocks were metamorphosed were relatively close to the water-saturated solidus of pelitic sediments (~640-670°C at 5-10 kbar, Nichols et al., 1994) . However, the differential fractionation of highly incompatible trace elements in the felsic veins and their wallrocks does not support this consideration. For example, in the case of melting it might be expected that Ba would show enrichment in the veins comparable to Rb, Th, and U. This is not observed (Fig. 3c) . In addition, the fractionation of some geochemical pairs (Nb-Ta, Zr-Hf, Pb-Nd) and the REE tetrad effect (discussed in detail below) also argue against this consideration. Furthermore, if the felsic veins were crystallized partial melts of the crustal materials in the study area, they should most likely have Table 3 . Normalizing values from Anders and Grevesse (1989) . Xixiansi, and (c) veins at Huangyansi of the Xingzi Group. Also shown the data of continental crust from Rudnick (1995) in (a) and Lu1404 (a sample of magmatic granite in Lushan) from Li et al. (1998) Sun and McDonough (1989). had the similar trace element characteristics as the granite in this area, which has almost the same pattern as those of the wallrocks (Fig. 3c , sample Lu1404 after Li et al., 1998) . Studies of fluid inclusions further indicate that the felsic veins are significantly different from the igneous granite in the region (Tang et al., 2000) . Therefore, we conclude that the felsic veins, like the similar synmetamorphic veins in other terrains (Putlitz et al., 2002; Becker et al., 1999) , were deposited by fluids.
Fig. 3. N-MORB-normalized diagrams for incompatible trace elements in (a) all wallrocks, (b) quartz veins at
Previous studies of quartz veins occurring in metamorphic terrains suggest that the vein-forming fluids are either derived from the wallrocks (Yardley, 1975; Yardley and Bottrell, 1992; Putlitz et al., 2002) or partly (~30%) from an external source (Ague, 1994; van Haren et al., 1996) . In the case of a partly external source, fluids migrate in a channelized way (i.e., the veins are the major conduits of migrating fluids), and are mineralogically and isotopically in disequilibrium with their wallrocks (Ague, 1994; van Haren et al., 1996) . However, because no selvages were found in the wallrocks studied, and the oxygen isotopic data between the veins and their immediate wallrocks show a strong correspondance, we consider that the vein-forming fluids in the Xingzi Group were directly derived from the wallrocks. Figure 4 shows that the same mineral separates from coexisting vein-wallrock pairs have nearly the same δ 18 O values within the error, suggesting that the veins were locally derived and in equilibrium with their immediate wallrocks. In other words, the oxygen isotopic composition of the vein-forming fluids was buffered by the local wallrocks.
On the basis of the fractionation data of Javoy (1977) , and T = 600°C, at which the wallrocks were metamorphosed, we can estimate the oxygen isotopic compositions of the fluids equilibrated with individual minerals in the veins and their wallrocks. The estimated results range from 10.6 to 11.8‰ (mean 11.2‰, n = 6) for Xixiansi and from 9.3 to 11.7‰ (mean 10.2‰, n = 11) for Huangyansi (Table 4 , Fig. 5 ). Because the distance between Xixiansi and Huangyansi is not large (~6 km, Fig. 1 ), the different δ 18 O fluid values at these two locations do not support a pervasive fluid flow on a relatively large scale during regional metamorphism of the Xingzi Group.
Fractionation of trace elements during metamorphic dehydration
The veins at Huangyansi, particularly the felsic veins and their constituent minerals (e.g., garnet), have complicated and irregular REE patterns with the characteristics of the so-called lanthanide (or REE) tetrad effect (Figs. 2b and 6 Javoy (1977) and T = 600°C. Javoy (1977) and T = 600°C. enon reported by Peppard et al. (1969) after they carried out studies of liquid-liquid extraction. As shown in Fig. 6a , the veins at Huangyansi have similar REE patterns and degrees of the tetrad effect as the rocks of a granite body (L14, from Irber, 1999 ) and a leucogranitic gneiss (3188WR, from Lee et al., 1994) . In Fig. 6b , the garnet in sample 34-4 has the same pattern as 3188GT which exhibits the REE tetrad effect (Lee et al., 1994) . Although high LREE compositions in the garnets are likely due to the occurrence of possible submicroscopic inclusions of phosphates, the HREE parts in the patterns of the garnets from samples 34-4 and 3188 are also much different from those of the wallrocks. We hence consider that the irregular patterns especially the HREE parts of the garnet in samples 34-4 and 3188 exhibit the tetrad phenomenon. Because the REEs are a group of elements with identical charge (3 + under most geologically related oxidation conditions) and a relative narrow range of ionic radius (from 1.03 Å for La 3+ to 0.86 Å for Lu 3+ in VI coordination; Shannon, 1976) , they tend to have almost the same behaviour and exhibit smooth patterns during many geological processes, especially in the silicate-melt systems. The REE tetrad effect is, therefore, a rare type of fractionation behaviour, which has attracted the attention of geochemists.
is the oxygen isotopic compositions of the fluids in equilibrium with selected minerals (quartz, plagioclase, and garnet) in the synmetamorphic veins and their wallrocks, estimated by the fractionation data of
Fig. 4. δ 18 O values of mineral separates from the veinimmediate wallrock pairs (labeled in brackets are the same sample numbers as in
Since Masuda and Ikeuchi (1979) first pointed out the occurrence of the lanthanide tetrad effect in the marine environment, it has been recognized that this effect probably exists in many other natural samples, such as leucogranites (Masuda and Fig. 5 Javoy (1977) and T = 600°C. Irber (1999) and Lee et al. (1994), respectively, and (b) garnets in sample 34-4 of the Xingzi Group and in the leucogranitic gneiss (3188GT) after Lee et al. (1994) , also shown are the garnets in the wallrocks (samples 34-7 and 35) Anders and Grevesse (1989) . Akagi, 1989; Bau, 1996; Irber, 1999) , limestones (Kawabe et al., 1991) , uraninites (Hidaka et al., 1992) , Quaternary sediments (Liu et al., 1993) , kimuraite (Akagi et al., 1993) , leucogranitic gneiss (Lee et al., 1994) , and cherts (Minami et al., 1998) . Although some geochemists have argued against its existence in natural environments (e.g., McLennan, 1994) and attributed the anomalous REE patterns in some leucogranites to fractional crystallization of individual mineral phases such as apatite (Jolliff et al., 1989) , monazite (Zhao and Copper, 1992; Pan, 1997) , or garnet and possible Y-rich accessory phases (Pan, 1997) , the existence of the tetrad effect in natural environments is supported by an increasing body of data. Irregular REE patterns in some highly evolved felsic igneous rocks cannot be adequately explained by any fractional crystallization of accessory minerals (Bau, 1997) . Lee et al. (1994) have particularly demonstrated that the rock-forming minerals in the leucogranitic gneiss, like their host rocks, also show the REE tetrad effect. Note that in Fig. 6b the garnet in sample 34-4 (a felsic vein) has a similar REE tetrad effect pattern to that from Lee et al. (1994) , and much different from those in the wallrocks of the Xingzi Group (samples 34-7, and 35), which have smooth REE patterns. This further attests to the impossibility for the irregular REE patterns in rocks resulting from the fractional crystallization of some minerals. Hence the unusual REE patterns of some minerals as well as their host rocks cannot be explained by the ionic radius effect, and can only be understood by referring to the electronic configuration of these elements, which plays an important role in the complexes they form in fluid-rich systems. Based on the data of Henry et al. (1996) , Kamber and Collerson (2000) recently showed that the REE fractionation (tetrad effect) also exists in synmetamorphic veins formed during metamorphic dehydration in the western Alps. Thus, it appears that the cases with the tetrad effect are closely related to fluids, and usually accompanied by the fractionation of trace elements with identical charge and similar radius (Liu et al., 1993; Bau, 1996; Irber, 1999; Minami et al., 1998) . Rudnick (1995) . See text for explanations.
. Oxygen isotopic compositions for the metamorphic fluids in equilibrium with some minerals from Xixiansi and Huangyansi of the Xingzi Group, estimated by the fractionation data of
Fig. 6. Chondrite-normalized REE patterns with apparent tetrad effects for (a) wholerock of veins at Huangyansi, L14 and 3318 are granite and leucogranitic gneiss after
of the Xingzi Group for comparison. Normalizing values from
Compared to their wallrocks, most of the metamorphic veins have obviously lower Nb/Ta and Zr/Hf ratios (Figs. 7a and 7b) . The Nb/Ta and Zr/ Hf ratios of the wallrocks are very close to those of the continental crust estimated by Rudnick (1995) , but the corresponding ratios of the veins are generally lower than those of the continental crust (Figs. 7a and 7b) . The Zr/Hf ratios of the veins are also away from the CHARAC (CHArgeand-RAdius-Controlled) field (26 < Zr/Hf < 46, Bau, 1996) . Although these lower ratios of Nb/Ta and Zr/Hf in the veins might be analytical artifacts, especially so for the quartz veins due to their very low abundances of most trace elements, the careful sample preparation and successful analytical procedure exclude this possibility. The trace element abundances of the quartz veins were analyzed when they were concentrated by 5, 10 and/or 25 times, which makes the abundances in the solutions larger by several orders of magnitude than the detection limits of these elements, and the analytical results for the same sample are consistent with each other within error limits. Consequently, we argue that these consistent characteristics resulted from fractionation of these trace elements, which is strongly influenced by electron configuration and the nature of complexing ligands of aqueous fluids (Bau, 1996) . In the data of Henry et al. (1996) , the fractionations of Nb-Ta and LuHf are also apparent (Kamber and Collerson, 2000) . Another geochemical pair, Pb and Nd with the similar incompatibility and generally no significant fractionation in silicate-melt systems, is fractionated during metamorphic dehydration. It is clearly shown in Fig. 7c that the veins invariably have much higher Pb/Nd ratios than their wallrocks, which coherently have the same values as the continental crust. The fractionation of these geochemical pairs suggest that bulk partition coefficients of Ta, Hf and Pb between fluid and rock (D fluid/rock ) are generally higher than those of Nb, Zr and Nd, respectively. Table 3 shows that the felsic veins at Huangyansi have higher concentrations of Ta than their wallrocks. Although the mechanism for this is not clear by far, however, one possibility is that the element in the case of Huangyansi is not so immobile as generally regarded, and the Ta in these veins was possibly derived from large amounts of wallrocks. The fractionation between Y and Ho, which as one of geochemical pairs with identical charge (3 + ) and similar ionic radius (1.019 Å for Y 3+ and 1.015 Å for Ho 3+ in VI coordination; Shannon, 1976) , has been shown in several environments where the REE tetrad effect also exists (e.g., Bau, 1996; Irber, 1999) , and proposed as an indicator of trace element behaviour in aqueous systems (Bau, 1996) . Most of the studied veins (especially the quartz ones), along with all the wallrocks, have Y/Ho ratios nearly comparable to chondritic value (Table 3 ). In contrast, the wholerock of felsic vein sample 34-4 and its garnet separate have Y/Ho ratios of 42 and 39, respectively, markedly higher than that of chondrite. These non-chondritic Y/ Ho ratios further imply that this geochemical pair was fractionated during metamorphic dehydration and the felsic veins were also formed in a fluidrich environment. Several studies suggest that fluorine complexation in fluids may closely be related to the REE tetrad effect and the fractionation of some of the geochemical pairs (Bau and Dulski, 1995; Bau, 1996; Irber, 1999) , however, fractionation of trace elements also occur in many other cases without or depleted fluorine (Liu et al., 1993; Akagi et al., 1993; Minami et al., 1998) . By comparing the trace element compositions in the rocks from a prograde metamorphic terrain (the Catalina Schist) in a subductionzone, Bebout et al. (1999) have demonstrated that metamorphic fluids had highly fractionated trace element compositions. From these case studies, it can be inferred that fractionation of trace elements is most likely a commonly occurring process during metamorphic dehydration. Considering the various geochemical fractionations observed in this study (Nb-Ta, Zr-Hf, and Pb-Nd) and in Henry et al. (1996) (Nb-Ta and Lu-Hf), we therefore infer that the fractionation of trace elements is mainly controlled by the chemical nature of fluids (closely related to protolith chemistry) and metamorphic conditions. From this consideration, the fact that no the REE tetrad effect is observed in the quartz veins at Xixiansi (Fig. 2a) can probably be attributed to a compositional difference between the metamorphic fluids from Xixiansi and from Huangyansi, although the compositions of these metamorphic fluids have not been precisely determined.
The large ion lithophile elements, which tend to concentrate equally in upper continental rocks during mantle/crust evolution due to their similar mineral/melt partition coefficients, show varying behaviour during metamorphic dehydration. La/ Ba, Sr/Nd and Th/Hf ratios are identical and show a limited variation among the veins and their wallrocks. Rb/Ba, Ba/Nb and La/Nb ratios are similar in the quartz veins and all the wallrocks, but are mostly different in the felsic veins. This further suggests a control of the chemical composition of the fluids over the fractionation of trace elements.
REE mobility and its controlling factors
Previous studies on the controversial issue of REE mobility during metamorphism indicate that REEs are (1) immobile (e.g., Bernard-Griffiths et al., 1985) , (2) coherently mobile (e.g., Hellman et al., 1979; Nyström, 1984) , and (3) selectively mobile, including LREE mobility (Wood et al., 1976; Wear and Tarney, 1981) or HREE mobility (Stahle et al., 1987) . These studies show that the behaviour of the REEs during metamorphism are very complex, and that the REEs are mobile under some circumstances and are immobile under other circumstances (Grauch, 1989) .
In the Xingzi Group metasedimentary rocks, metamorphic fluids, principally H 2 O and CO 2 , were produced by devolatilization reactions and released from the wallrocks during regional metamorphism. Accompanied with the production and migration of the fluids, major elements K, Na, Si, and Al were reactivated and transported, which is clearly indicated by the occurrences of quartz, feldspar in the quartz and felsic veins. The REEs are also obviously mobilized during this process, as can be inferred from the fact that all the veins contain some amount of the REEs (up to 47 ppm). According to the variations of the chondrite-normalized patterns between the veins and their wallrocks (Fig. 2) , the signatures of REE mobility at the investigated locations are significantly different from each other. At Xixiansi, the similar REE patterns between the veins and their immediate wallrocks suggest coherent REE mobility. However, the REEs are selectively mobile (favoring HREE mobility) at Huangyansi, as indicated by relatively high HREE abundances in the veins (Table 3, Fig. 2b ). Because the geological setting and metamorphic conditions are identical, the different characteristics of REE mobility should be attributed to the difference in mineral compositions of protoliths at each location. Due to more clay minerals in the protolith at Huangyansi, larger amounts of fluids with higher CO 2 contents were produced than at Xixiansi during metamorphic dehydration. The HREEs in the protolith at Huangyansi are more easily mobilized into and transported by the metamorphic fluid, as suggested by Stahle et al. (1987) and the study of Bau (1991) . This further indicates that REE behaviour (including their mobility) during metamorphism is mainly controlled by the chemical composition of the metamorphic fluid, which, in turn, depends on the mineralogical composition of the protoliths.
SUMMARY
Field occurrences and comparative studies of trace element and oxygen isotopic compositions of the veins and their wallrocks in the Xingzi Group reveal that the veins studied are synmetamorphic in origin and were deposited by fluids. The estimated oxygen isotopic composition of the metamorphic fluid at Xixiansi is markedly different from that at Huangyansi, indicating that there was no pervasive fluid infiltration on a relatively large scale during amphibolite facies metamorphism of the Xingzi Group.
The quartz veins at Xixiansi have REE patterns that are smooth and extremely similar to their wallrocks. In contrast, the veins and their garnet separates at Huangyansi have irregular REE patterns (the REE tetrad effect). The Nb/Ta, Zr/Hf and Pb/Nd ratios in the veins are much different from those in their wallrocks. Trace element ratios, such as La/Ba, Sr/Nd, Th/Hf, are similar in all the veins and the wallrocks. Ratios of Rb/Ba, Ba/Nb and La/Nb are similar in the quartz veins and all the wallrocks, but different in the felsic veins. These variable geochemical signatures further suggest that variable REE and trace element mobility is related to the composition of the fluids that precipitated the veins.
The various REE abundances in the veins show that the REEs in the Xingzi group sedimentary rocks can be mobilized to some extent by the complexation of the REEs with metamorphic fluids under the conditions of amphibolite facies metamorphism. The REE mobility at Huangyansi is quite different from that at Xixiansi because of the difference in mineralogical composition of the protoliths (pelitic vs. psammitic). Consequently, the mineralogical compositions of the protoliths do play an important role in controlling those of the fluids and geochemical behaviour of the REEs and other trace elements during metamorphism.
